INTRODUCTION
amino acid residue (Asn222 of GmPDH1) of TyrA dehydrogenases that switches TyrA substrate consistently in pdh1-1 (Supplementary Fig. 2c) . Thus, the lack of PDH does not have 1 7 5 substantial impacts on lignin biosynthesis in M. truncatula. Less tocopherols are accumulated in pdh1 than Wt under high light treatment. 1 7 8 Under various biotic and abiotic stresses, the shikimate pathway is induced, which often leads to 1 7 9 accumulation of AAAs (Dyer et al., 1989; Gilbert et al., 1998; Zhao et al., 1998 ; Betz et al., induce production of AAA-derived antioxidants (Collakova and DellaPenna, 2003) . The levels of 1 8 3
Tyr were not altered, except at 24 hours when Tyr increased slightly in pdh1-1 compared with Wt 1 8 4 ( Supplementary Fig. 3a) . As expected, high light treatment enhanced tocopherol accumulation, 1 8 5 but to a significantly lesser extent in pdh1-1 compared with Wt at both 24 and 48 hours 1 8 6 ( Supplementary Fig. 3b ). The levels of anthocyanins, which are also induced under various 1 8 7 stresses including high light stress (Collakova and DellaPenna, 2003) , were increased after 24 1 8 8
and 48 hours of high light treatment but was not significantly different between Wt and pdh1-1 1 8 9
( Supplementary Fig. 3c) . These results show that the lack of PDH negatively impacts the 1 9 0 accumulation of HPP-derived tocopherols when their production is induced under high light 1 9 1 conditions. MtPDH1 is co-expressed with senescence-related genes but pdh1 deficiency has no major 1 9 4 impacts on dark-induced senescence. To identify potential processes and pathways that are coordinately regulated with PDH, a gene 1 9 6
co-expression analysis with MtPDH1 was performed using the Medicago gene expression atlas 1 9 7 (He et al., 2009) . MtPDH1 was co-expressed with genes mainly involved in senescence-related 1 9 8 processes (e.g., nucleases, proteases, and lipases Supplementary Fig. 1 ) and the gene encoding 1
Excised leaves were floated in a solution containing shikimate or H 2 O for up to 8 hours, rinsed to 2 4 7 remove metabolites in the feeding solution, and leaf metabolites were extracted and analyzed 2 4 8 using HPLC and GC-MS. As more prolonged feeding with shikimate led to abnormal leaf 2 4 9 phenotypes, 8 hours was selected as an optimal time for increased carbon flux without pleiotropic 2 5 0 effects. After 8 hours of feeding, shikimate and Phe levels were increased drastically in all 2 5 1 genotypes, suggesting that shikimate was taken up and metabolized by the leaves (Fig. 4) .
5 2
Tocopherol levels were generally unaffected upon shikimate feeding, likely because the feeding 2 5 3 time was not long enough to convert shikimate into tocopherols ( Fig. 4) . Trp levels were reduced 2 5 4
in the mutants compared with Wt after feeding with water, and were induced upon shikimate 2 5 5 feeding in one mutant (Fig. 4) . The unexpected differences observed with Trp levels under 2 5 6 standard growth conditions ( Fig. 3 ) and the feeding experiments ( Fig. 4 ) may reflect unknown 2 5 7 stress responses during the feeding experiments. Nevertheless, after 8 hours of feeding, Tyr levels increased by >39-fold in Wt, but only by 16-and 13-fold in pdh1-1 and pdh1-2, respectively 2 5 9
( Fig. 4) To determine if global metabolite changes occurred after shikimate feeding, additional 2 6 3 amino acids and TCA pathway metabolites were analyzed by GC-MS. Interestingly, glutamine 2 6 4 levels were higher in H 2 O-fed Wt, compared with mutants ( Supplementary Fig. 7) , and upon 2 6 5 shikimate feeding, glutamine levels were significantly higher in Wt (Supplementary Fig. 7) . Fig. 8 ). Citrate 2 6 9 levels were reduced in pdh1-1 and pdh1-2 compared with Wt in H 2 O control treatment; however 2 7 0 1 2 after shikimate feeding these differences were no longer apparent ( Supplementary Fig. 8 ). counted 14, 21, and 28 days post-inoculation (dpi) and acetylene reduction assays (ARA) were 2 7 9
performed to measure nitrogenase activity (Wych and Rains, 1978) . At all timepoints pdh1-1 2 8 0 mutants did not display any phenotypic difference from Wt plants, including the number of 2 8 1 nodules produced per root ( Fig. 5a ), suggesting that PDH is not essential for nodule 5b, Van de Velde et al., 2006) . Expression of the bacterial nifH gene, which is required for 2 8 5 nitrogen fixation, was monitored through the use of a S. meliloti strain expressing a PnifH::uidA 2 8 6 fusion to evaluate nodule maturation on pdh1-1 and Wt plants (Starker et al., 2006) . After 21 and 2 8 7 28 dpi, β-glucuronidase (GUS) activity and the overall nodule development were not altered 2 8 8 between pdh1-1 and Wt (Fig. 5c ). Although nitrogenase activity in pdh1-1 appeared to be slightly 2 8 9
reduced compared with Wt at 21 and 28 dpi when nodule senescence might have been initiated, 2 9 0 no significant differences was observed ( Fig. 5d ). ARA were repeated at the 21 dpi timepoint 2 9 1 with pdh1-1 and this time including pdh1-2. Nitrogenase activity was not significantly different 2 9 2 between genotypes, even though pdh1-1 showed a slight reduction, similar to the first experiment 2 9 3 ( Fig. 5e ). Independently, we also measured the presence and absence of PDH from plant tissue 2 9 5 extracts of over twenty legume species, which were sampled across the legume phylogeny (Azani 2 9 6 et al., 2017, Supplementary Fig. 9 ) and compared with their capacity to form nodules (Afkhami TyrA enzyme with similar ADH and PDH activity (Schenck et al, 2017) . All of these legumes 3 0 0 were previously reported to be able to nodulate (Afkhami et al., 2018) . When four legume 3 0 1 species in the genistoid crown were analyzed (e.g. Lupinus polyphyllus), PDH activity was not 3 0 2 detectable in any of them, despite successful detection ADH activity ( Supplementary Fig. 9 ).
0 3
Importantly, these legumes were reported to be able to nodulate, suggesting that legume plants crown three showed PDH activity ( Supplementary Fig. 9 ). In contrast, all four species from 2018), but showed PDH activity ( Supplementary Fig. 9 ). The lack of detectable PDH activity 3 0 9
(e.g. in the genistoid crown) may be simply due to insuffient sensitivity with HPLC-based assay 3 1 0 and/or the use of tissues that do not necessarily express PDH. However, detection of PDH 3 1 1 activity in species lacking nodulation (e.g. in the caesalpinioid node) strongly support the lack of 3 1 2 positive correlation between the presence of PDH activity and nodulation across the legume 3 1 3 phylogeny. Phylogenetic sampling ( Supplementary Fig. 9 ) together with pdh1 mutant analysis 3 1 4 ( Fig. 5) together suggest that PDH is not essential for legume-rhizobia symbiosis, though more 3 1 5 detailed analyses are needed to fully address its contribution to potentially enhance nitrogen 3 1 6
fixation within the nodules in some legumes. In this study, we sought to understand the function of legume-specific PDH enzymes through 3 2 4
analysis of Tnt1-transposon mutants of PDH in M. truncatula. Not only is M. truncatula a 3 2 5
convenient model system having mutant populations and many genomic/transcriptomic 3 2 6
resources, but M. truncatula also has a single PDH gene unlike some other legumes, i.e., soybean, which resulted in the detection of a single PDH peak as compared to multiple ADH , 2015) . Our genetic data also support that ncADH, and ADH enzymes do 3 3 2 not contribute to PDH activity, in agreement with in vitro data of soybean and M. truncatula with many senescence-related genes ( Supplementary Fig. 1 between PDH and senescence did not provide evidence to support this hypothesis: upon Fig. 6 ) and natural senescence ( Supplementary Fig. 4 as compared to Wt (Supplementary Fig. 5b) , and PDH expression and enzymatic activity were 4 0 8 not induced upon senescence (Supplementary Fig. 4c The data obtained in this study failed to directly support the hypothesis IV that the PDH glutamate are key amino acid carriers (Krapp, 2015) . Mutations in MtPDH1 did not alter nodule 4 1 9 numbers ( Fig. 5a) or the developmental progression of the nodules (Fig. 5c ). Furthermore, 4 2 0 nitrogenase activity was not significantly affected in mutants at any stage during the symbiotic 4 2 1 interaction even when senescence might have been initiated (Figs. 5d,e ). Alterations in nitrogen as well as many other genes. Interestingly, pdh1-1 and pdh1-2 had reduced glutamine levels in 4 2 6
the H 2 O-treated control leaves after 8 hours ( Supplementary Fig. 7) , which also persisted after 4 2 7
shikimate feeding ( Supplementary Fig. 7) . Reduced glutamine levels in the pdh1 mutants may, 4 2 8
in turn, affect the symbiotic efficiency with rhizobia, although no statistically-significant 4 2 9 reduction in nitrogenase activity was observed (Figs. 5d,e ). Furthermore, PDH activity, which Tyr-AT, tyrosine aminotransferase. Phenotype of R108 and mutants after 6-weeks growth under standard conditions. Trp and shikimate ± s.e.m of n = 3 biological replicates.
α -tocopherol is shown as the average absolute shikimate feeding are shown in Supplementary Figures 8 & 9 . Significant differences to Wt (R108) The authors declare no conflicts of interest. Medicago truncatula seeds were scarified in concentrated hydrochloric acid for eight minutes 7 2 6
and repeatedly washed with water. Seeds were then surface sterilized with bleach for 1.5 minutes in aluminum foil and placed at 4°C. After 48 hours plates with sterilized seeds were moved to 7 3 0 22°C. After 24 hours the aluminum foil was removed and the germinated seedings were was added, vortexed for 20 seconds and centrifuged at 14,000 g for 3 minutes. The supernatant 7 4 0 was transferred to a fresh tube and 600 μ L of isopropanol was added, followed by centrifugation was amplified in a thermocycler with the following conditions: an initial denaturation at 95°C for tube and an equal volume of isopropanol was added, mixed by inverting and placed at 4°C for 10 7 5 8 minutes. The solution was then centrifuged at 4°C for 10 minutes at 12,000g and the supernatant decanted. The pellet was washed with 70% ethanol, followed by centrifugation for 3 minutes at and MtADH were used as the template to amplify a fragment of the corresponding genes. The resulting fragments were purified from 0.8% agarose gels using a QIAquick gel extraction kit 7 7 8 (Qiagen) following manufacturer's protocol. The DNA concentration was quantified and repeated 7 7 9 5-fold dilutions were made and used to obtain a standard curve in qRT-PCR with gene-specific 7 8 0 primers (Supplementary Table 2) . Ct values were extracted for each qRT-PCR reaction and used 7 8 1 to quantify initial cDNA concentration by using the linear range created as above for the 7 8 2 respective gene. Leaf tissue from 6-week-old plants were ground to a fine powder in a prechilled mortar and Thermo Scientific) using a 10:1 split ratio, and an oven ramp method of 5°C per minute for 46 8 3 6
minutes and held at 300°C for 10 minutes. Detected compounds were compared with library 8 3 7
matches from NIST and peak areas based on ion abundance were normalized to an internal 8 3 8 standard (norvaline).
3 9
Acetylene reduction assay (ARA) 8 4 0
Plants used for ARA were scarified and germinated as described previously. Seedlings were containing Sinorhizobium meliloti Rm1021 at an OD 600 0.02. Plants were then allowed to grow 8 4 6
for 14, 21 and 28 dpi at which point nodules were counted and plants were moved to 10 mL glass 8 4 7
jars with 1 mL of sterile water at the bottom. Glass jars were sealed with a rubber stopper, then 8 4 8
injected with 1 mL of acetylene gas (10% acetylene final). After 48 hours of incubation at 37°C, 
